The true rate of cholesterogenesis in cultured monocyte-macrophages was determined from the incorporation of [2-14C]acetate into cholesterol, using the desmosterol (cholesta-5,24-dien-3p-ol) that accumulated in the presence of the drug triparanol to estimate the specific radioactivity of the newly formed sterols. It was shown that this procedure could be successfully adapted for use with cultured monocytes despite the accumulation of other unidentified biosynthetic intermediates. In cells maintained in 20% (v/v) whole serum approx. 25% of the sterol carbon was derived from exogenous acetate. Cholesterol synthesis was as high in normal cells as in cells from homozygous familial hypercholesterolaemic (FH) subjects and accounted for 50% of the increase in cellular cholesterol. The addition of extra low-density lipoprotein (LDL) reduced cholesterol synthesis, apparently through a decrease in the activity of 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase). When incubated in lipoprotein-deficient serum some cells did not survive, but those that remained showed a normal increase in protein content; the amount of cellular protein and cholesterol in each well did not increase and cholesterol synthesis was reduced by over 80%. HMGCoA reductase activity fell less dramatically and the proportion of sterol carbon derived from exogenous acetate increased, suggesting that the low rate of cholesterogenesis with lipoprotein-deficient serum was due to a shortage of substrate. The results indicate that under normal conditions monocyte-macrophages obtain cholesterol from endogenous synthesis rather than through receptor-mediated uptake of LDL, and that synthesis together with non-saturable uptake of LDL provides the majority of the cholesterol required to support growth.
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The true rate of cholesterogenesis in cultured monocyte-macrophages was determined from the incorporation of [2-14C] acetate into cholesterol, using the desmosterol (cholesta-5,24-dien-3p-ol) that accumulated in the presence of the drug triparanol to estimate the specific radioactivity of the newly formed sterols. It was shown that this procedure could be successfully adapted for use with cultured monocytes despite the accumulation of other unidentified biosynthetic intermediates. In cells maintained in 20% (v/v) whole serum approx. 25% of the sterol carbon was derived from exogenous acetate. Cholesterol synthesis was as high in normal cells as in cells from homozygous familial hypercholesterolaemic (FH) subjects and accounted for 50% of the increase in cellular cholesterol. The addition of extra low-density lipoprotein (LDL) reduced cholesterol synthesis, apparently through a decrease in the activity of 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase). When incubated in lipoprotein-deficient serum some cells did not survive, but those that remained showed a normal increase in protein content; the amount of cellular protein and cholesterol in each well did not increase and cholesterol synthesis was reduced by over 80%. HMGCoA reductase activity fell less dramatically and the proportion of sterol carbon derived from exogenous acetate increased, suggesting that the low rate of cholesterogenesis with lipoprotein-deficient serum was due to a shortage of substrate. The results indicate that under normal conditions monocyte-macrophages obtain cholesterol from endogenous synthesis rather than through receptor-mediated uptake of LDL, and that synthesis together with non-saturable uptake of LDL provides the majority of the cholesterol required to support growth.
Human blood monocytes rapidly increase in size when maintained in culture in medium containing whole serum and develop many of the properties characteristic of mature macrophages (Johnson et al., 1977; Musson et al., 1980) . During the period of greatest growth normal cells produce specific surface receptors that enable them to remove LDL from the medium and to use it as a source of free cholesterol (Knight & Soutar, 1982a) . Under normal conditions the cells do not express their maximum capacity for LDL uptake (Soutar & Abbreviations used: LDL, low-density lipoprotein; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; FH, homozygous familial hypercholesterolaemia.
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MRC Lipoprotein Team, Cyclotron Building, Hammer- smith Hospital, DuCane Road, London W12 OHS, U.K. Knight, 1982) but have a high activity of HMGCoA reductase (Knight et al., 1983) , which is commonly assumed to provide an indication of the rate of endogenous cholesterol synthesis. Monocytes from FH subjects cannot express active LDL receptors, yet grow and develop apparently normally without exhibiting a higher HMG-CoA reductase activity or a greater rate of incorporation of [14C] acetate into sterols than the normal cells (Knight et al., 1983 prefer to obtain any cholesterol that they need from the uptake of LDL rather than from cellular synthesis (Goldstein & Brown, 1977) . Neither HMG-CoA reductase activity nor [14C]-acetate incorporation can be taken as a reliable guide to the rate of cholesterol synthesis since they taken no account of limitations or changes in the supply of endogenous substrates or of the dilution of radioactive precursors and intermediates. Gibbons & Pullinger (1979) have developed a method, based on the accumulation of desmosterol (cholesta-5,24-dien-3fi-ol) in the presence of the drug triparanol, which provides an estimate of the specific radioactivity of the newly-formed cholesterol and allows the true rate of cholesterol synthesis to be determined. In this paper we show that the method can be adapted for use with monocyte-macrophages and present a comparison between the absolute rates of cholesterogenesis in normal and FH cells under standard culture conditions and in the presence of additional LDL. We have also studied the response of cellular cholesterol synthesis to preincubation with lipoprotein-deficient serum, which surprisingly produces a decrease in the HMG-CoA reductase activity in the cells (Knight et al., 1983) .
Materials and methods Cells and lipoproteins
The methods used for the isolation of mononuclear cells and for the preparation of LDL (p 1.019-1.055g/ml) and lipoprotein-deficient serum have been described previously (Knight & Soutar, 1982a; Soutar & Knight, 1982) . Mononuclear cells were seeded at a density of approx. 3 x 106 cells/well in 24mm multi-dish wells. The adherent monocytes were maintained at 37°C in RPMI-1640 medium (pH 7.4, Gibco Europe) containing 20% (v/v) fresh serum from normal donors. All incubations were performed in an atmosphere of C02/air (1: 19) in a humidified incubator. The medium was replaced on the third day after seeding and the experiments were performed 3-4 days later when each well contained approx. 150 jig of cellular protein.
Specific radioactivity of desmosterol
After the required preincubation, medium was removed and filtered through a Millipore filter (0.22,jm pore diam.). The cells were washed once with fresh RPMI-1640 medium and 0.5ml of the filtered medium was replaced into each well. [2- 14C]Acetate (sodium salt, approx. 15d.p.m./pmol) was added to give a final concentration of 2.5mM and the cells incubated at 37°C. After 3 h, 1 u1 of a solution of lOOpM-triparanol in propane-1,2-diol was added to each well and the cells were incubated at 37°C for a further 4h. Medium was then removed, the cells were washed twice with ice-cold phosphate-buffered saline (Gibco, Europe) and lysed in a solution of 0.125% Triton X-100 in 0.1 M-potassium phosphate buffer, pH7.5 (100pl/well). The lysates were removed and each well was washed with a further 1OO jil of the Triton solution. Lysates and washings from six identical wells were pooled and 50jl samples taken for protein estimation. The specific radioactivity of desmosterol was then estimated using the methods developed by Gibbons & Pullinger (1977 , which have recently been described in great detail (Pullinger & Gibbons, 1983) . Briefly, the Triton extract was heated at 90°C for 2 min and then cooled and incubated for 30min at 37°C with 0.18 unit of cholesterol oxidase and 0.15 unit of cholesterol esterase. After saponification, the nonsaponifiable lipids were extracted into hexane and subjected to t.l.c. at 4°C on alumina impregnated with AgNO3, with a mixture of toluene and hexane (4: 1, v/v) as developing solvent. The band of desmostenone (cholesta-4,24-dien-3-one) was located by radioautography and eluted with diethyl ether. Stigmasta-4,22-dien-3-one (50ng) was added as internal standard. After preparation of the heptafluorobutyryl enol esters, portions were assayed for radioactivity and the mass of the fluorinated desmosterol derivative was determined by gas chromatography using a pulsed 63Ni electron capture detector.
Incorporation of [14C]acetate into cholesterol
Cells were prepared and incubated as described above, except that triparanol was not added to the incubation medium. [ la,2a(n)-3H]Cholesterol was added to the pooled lysate to assess recovery. After oxidation, saponification and argentation chromatography, the band of cholestenone (cholest-4-en-3-one) was located and assayed for radioactivity by scintillation spectrometry. When required, unoxidized sterols were separated on silica gel with chloroform as developing solvent. Assays Protein was assayed by the method of Lowry et al. (1951) or, if Triton was present, by the method of Bensadoun & Weinstein (1976) . For the measurement of DNA, cells were dissolved in 0.3 M-KOH and assayed by the method of Donkersloot et al. (1972) . HMG-CoA reductase was assayed as described previously (Knight et al., 1983) . To assay the cellular content of cholesterol and cholesterol esters, cells were lysed in 0.125% Triton X-100 and [3H]cholesterol was added to assess recovery. The lysate was extracted with chloroform-methanol (2: 1, v/v; Folch et al., 1957) The amount of cholesterol provided from the degradation of LDL (ag/mg of DNA) was calculated from the rate of degradation of LDL protein, using the ratio of protein to DNA in the cells at that time and assuming a ratio of total cholesterol to protein of 2.0 (Soutar & Myant, 1979) . Differences between means were tested for statistical significance using Student Triton X-100 and the sterol esters hydrolysed with cholesterol esterase. After treatment with cholesterol oxidase to convert reactive C27 sterols into the corresponding 4-en-3-one derivatives suitable for detection by electron capture, the lipids were subjected to t.l.c. on AgNO3-impregnated alumina and the radioactive bands were detected by radioautography (Fig. 1) . Cholestenone (cholest-4-en-3-one, RF 0.39), the major radioactive band, was well separated from desmostenone (cholesta-4,24-dien-3-one, RF 0.26) and the barely detectable band of unoxidized cholesterol (RF 0.13). Squalene and related compounds remained close to the origin (RF 0.05). Approx. 30% of the radioactivity applied was present in two bands that ran ahead of cholestenone, denoted as 'unknown 1' (RF 0.50) and 'unknown 2' (RF 0.60). The other minor bands (RF 0.46, 0.44 and 0.33) were not studied further. Chromatography of unoxidized extracts on silica gel established that the unknown compounds were C27 sterols and that C29 + C30 sterols contained less than 3% of the total radioactivity incorporated into non-saponifiable lipids. Lanosterol (5a-lanosta-8,24-dien-3,B-ol), used as a marker for Fig. 2 shows the way in which the amount of radioactivity in the major bands changed as the concentration of triparanol in the incubation medium was increased. Radioactivity in the cholestenone and unknown 2 bands progressively fell. Low concentrations of triparanol increased the amount of radioactivity in both desmostenone and unknown 1, but whereas that in unknown 1 continued to rise as the concentration of drug increased, the amount of radioactive desmosterol reached a maximum and then decreased. Higher concentrations of triparanol increased the radioactivity in the squalene band and slightly decreased the total incorporation into non-saponifiable lipids. Thus the concentration of triparanol that produced an almost complete inhibition of the formation of cholesterol did not cause radioactivity to be trapped in desmosterol but in other intermediates apparently earlier in the biosynthetic pathway. Appreciable amounts of radioactive desmosterol only accumulated with much lower concentrations of the drug.
The distribution of radioactivity between the various bands observed in a number of experiments is shown in Table 1 . Monocyte-macrophages were preincubated for 24 h in standard culture medium containing 20% serum, in the same medium with additional LDL or in medium containing 10% lipoprotein-deficient serum. They were then incubated with [2-14C] Fig. 1 ) containing cholestenone (0), desmostenone (*), squalene (U), 'unknown 1, (A) and 'unknown 2' (A) as well as for the unfractionated extract (V). Table 1 . Effect ofLDL, lipoprotein-deficient serum and triparanol on the distribution ofradioactivity between non-saponifiable lipids Cells were maintained for 6 days in medium containing 20% (v/v) whole serum and then for 20h in the same medium, medium with an additional 200pg of LDL protein/ml or medium containing lipoprotein-deficient serum (5mg of protein/ml). They were then incubated with 2.5 mM-[2-14C]acetate for 7 h, with triparanol (0.2pM) present, when required, for the final 4 h. The bands obtained from argentation chromatography (see Fig. 1 ) were assayed for radioactivity. Over 90% of the radioactivity in the unfractionated non-saponifiable fraction was recovered in the six bands studied. lipids but had no effect upon the way in which the radioactivity was distributed between the different compounds. Preincubation with lipoproteindeficient serum, on the other hand, drastically reduced the proportion of the radioactivity present in cholestenone and correspondingly increased the proportion in the other bands without greatly affecting the relationship between them. Triparanol had no effect upon the incorporation of [14C]acetate into total non-saponifiable lipids by the cells under any of the incubation conditions and in each case increased the proportion of the radioactivity present in unknown 1 while reducing the proportion in unknown 2. It decreased the radioactivity in cholestenone and increased that in desmostenone, although the effects were less marked in cells that had been preincubated with lipoprotein-deficient serum.
In the absence of triparanol it took 3-4h from the addition of [14C]acetate for the amount of radioactivity in the desmostenone and the two unknown bands to approach their maximum and for the rate of incorporation of radioactivity into cholesterol to become constant (Fig. 3) . The addition of triparanol after 3 h produced an immediate reduction in the rate of incorporation into cholesterol and in the amount of radioactivity in the unknown 2 band, as well as an increase in the radioactivity present in the desmostenone and unknown 1 bands that was sustained for at least a further 4 h (Fig. 3) .
Measurement of desmosterol mass and radioactivity
The radioactive compound that accumulates in the presence of triparanol and has the chromatographic properties of desmostenone after oxidation has been identified as authentic desmosterol by mass spectrometry and co-crystallization (Gibbons & Pullinger, 1977 any major radioactive contamination of the desmostenone bands.
Analysis of the desmostenone band by g.l.c. showed a peak with an identical retention time as desmostenone which could be used to calculate the mass and specific radioactivity of the desmosterol in the cells. On the addition of 0.2,uM-triparanol the desmosterol content of the cells rapidly increased (Fig. 3c) . If the drug was added later than the [14C]acetate at a time when the lag in incorporation into desmosterol and cholesterol was over, the increase in the mass of desmosterol almost matched the increase in radioactivity and its specific radioactivity quickly reached a maximum (Fig. 3c) . Similar results were obtained with cells preincubated in lipoprotein-deficient serum, although the increase in the mass of desmosterol was not so great.
The monocyte-macrophages contained a small amount of desmosterol (approx. 25 ng/mg of protein) even in the absence of triparanol. Unfortunately, because of the limits of sensitivity of the assay, a reliable estimate of the mass under these conditions required too many cells to be practical as a routine experimental procedure, and triparanol was normally added to facilitate the measurement of the specific radioactivity of desmosterol. However, three experiments were performed in which enough cells were harvested to provide a comparison between values obtained in the presence and absence of the drug. In two experiments with cells maintained in 20% serum and one with cells preincubated in lipoproteindeficient serum, the specific radioactivities with triparanol were 96%, 86% and 101% respectively of the corresponding values obtained without triparanol. Incorporation into cholesterol was determined as the difference between 3 h and 7 h in the radioactivity of the cholestenone band (see Fig. 1 ) from cells incubated without triparanol. The proportion of sterol derived from acetate was calculated from the specific radioactivity of desmosterol measured in identical cells to which triparanol was added for the final 4h of incubation. Cells from six wells were pooled for each point. Table 2 . Cholesterol synthesis in monocyte-macrophages from normal and FH subjects Cells prepared from four different normal subjects and on two separate occasions from two different FH subjects (nos. 5 and 7 from one subject, 6 and 8 from the other) were maintained for 7 days in medium containing 20% (v/v) whole serum from a normal donor. [2-14C]Acetate was added to each well to give a final concentration of 2.5 mM. Six wells of each were incubated at 37°C for 3 h and six for 7 h. Lysates from the six wells were pooled and the radioactivity in the cholestenone band obtained after argentation chromatography was determined. Acetate incorporation was calculated from the difference in values obtained for each preparation at 3 h and 7 h. Triparanol (0.2,uM) was added to a further six wells for the final 4h of a 7 h incubation and the proportion of sterol derived from
[14C]acetate was calculated from the specific radioactivity of the desmosterol that accumulated (see the Materials and methods section). (Fig. 4) . The proportion of newly-synthesized cholesterol that was derived from [14 C]acetate, calculated from the specific radioactivity of desmosterol, increased in an identical manner. Raising the concentration from 0.2 mM-to 2.5 mM-acetate led to an 82 / increase in incorporation and an 84% increase in specific radioactivity in cells preincubated in 20% serum (Fig. 4) (Knight et al., 1983) . Results from such direct comparisons with three preparations of normal cells and three of FH cells are shown in Table 3 (Table 3) .
Protein and cholesterol content of the cells Between the sixth and seventh day after seeding the protein content of the cells increased by 40%
and the ratio of unesterified cholesterol to protein remained constant (Table 4) . Additional LDL had no effect on the development of the cells, nor on the content of cholesteryl ester, which remained low. Incubation in lipoprotein-deficient serum resulted in a loss of adherent cells, as indicated by the decrease in DNA content of the wells. However, the cells that remained had developed to the same extent as those incubated with lipoproteins (Table  4) . Interestingly, the amount of cellular protein and cholesterol in each well stayed the same during incubation with lipoprotein-deficient serum, suggesting that the loss that would be expected from the reduction in DNA content matched the increase in protein and cholesterol in the cells that remained. The presence of a significant amount of radioactivity in the two unknown compounds indicates that at least one enzyme along the biosynthetic pathway in monocyte-macrophages has a rela-tively low activity. However it does not seem to have any particular regulatory function since, after allowing for alterations in specific radioactivity, there is little change in the cellular content of the unknown compounds under different incubation conditions (Table 1) . We have not attempted any detailed identification of unknown 1 and unknown 2. Both run on t.l.c. as C27 sterols and are earlier intermediates than desmosterol in the synthetic pathway. Unknown 1 appears to accumulate at the expense of unknown 2 on the addition of triparanol, suggesting that they are closely related and linked through the reduction of the A24-bond.
Between the sixth and seventh day after seeding, cells maintained in medium containing 20% whole serum increased their content of cholesterol by some 230ug/mg of DNA (Table 4 ). The rate of cholesterol synthesis by these cells, calculated from the results in Table 3 and Table 4 , was approx.
1 IOpg of cholesterol/mg of DNA per day, or about one-half of the amount required. Our previous results have shown that non-saturable uptake of LDL by normal cells (Knight & Soutar, 1982a ) was similar to that of FH cells (Soutar & Knight, 1982; Knight et al., 1983) The addition of an extra 2O0ug of LDL protein/ml would provide an extra 120,ug of cholesterol/mg of DNA per day through non-saturable uptake. As well as a decrease in receptormediated uptake of LDL (Fogelman et al., 1982; Knight et al., 1983) this led to a decrease in the rate of cholesterogenesis which appeared to result entirely from a fall in the activity of HMG-CoA reductase. The effect of preincubation with lipoprotein-deficient serum could not be explained by such a mechanism. Cholesterol synthesis fell almost to zero whereas reductase activity was only reduced by 40%. There was no particular redistribution of radioactivity between intermediates that would indicate that there had been a regulatory inhibition of some step in the biosynthetic pathway. Furthermore, the proportion of newly-synthesized cholesterol that had been derived from [1 4C]acetate was greatly increased, suggesting that the low rate of cholesterol synthesis resulted from a lack of substrate supply rather than from direct enzymic control. It might be expected that cholesterol synthesis in the cells would increase to compensate for the removal of lipoprotein cholesterol from the medium. In fact this did not occur and the amount of both cholesterol and protein in each well remained constant. Surprisingly, through a decrease in DNA content, the ratio of protein to DNA in the wells increased to the same extent as that of cells maintained in whole serum. Thus some cells developed normally while others were degraded, with the clear implication that the surviving cells utilized the degradation products to sustain their growth.
From experiments with confluent or almost confluent cultured fibroblasts, it has been suggested that cells, whenever possible, obtain any cholesterol that they require through receptormediated uptake of LDL (Goldstein & Brown, 1977 ). This did not appear to be the case in developing monocyte-macrophages. Although normal cells had the ability to produce enough LDL receptors to satisfy their need for cholesterol without endogenous cholesterogenesis, they did not express their maximum number of receptors (Knight & Soutar, 1982b ) and synthesized as much cholesterol as did FH cells. On the other hand, FH cells, and presumably normal cells, could develop perfectly adequately using only cholesterol from endogenous synthesis and nonsaturable uptake, yet normal cells did exhibit some saturable, receptor-mediated degradation of LDL. There is obviously a complex inter-relationship between the mechanisms that regulate the supply of cholesterol within the cells, which, in cultured monocytes at least, favours the endogenous synthesis of cholesterol rather than the production of receptors for the uptake of LDL.
